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EfFect of Conflnement on Bond Splitting Bchavior in Reinforced Concrete Beams
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ABSTRACT

It is irnportant for reinforced concrete members to prevent bond splitting failure during earthquake Previous

experiments revealed that conflnement by lateral reinforcement、 vas ettective to improve bond behavior of

10ngitudinal bars in a reinforced concrete member Design formulas for bond splitting strength were

previously proposed based on these experiments(Orangun θ′α′.,1977;Fttii and MOrita,1983)HoweVer,

the evaluation of conflnement stress provided by lateral reinforcement and cover concrete have been

conducted little

ln this paper, relationship between bond stress and conflnement stress oflateral reinforcement、 /as obtained

from authorゞ experiment of beams An analytical method was presented to evaluate conflnement stress

EfFect of the conflnement stress on bond splitting behavior was discussed From the analytical results,

ultirnate bond stress was evaluated
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INTRODUCTION

It is irnportant for reinforced concrete members with thin cover,such as beams and columns,to prevent bond

splitting failure along longitudinal bars Although the efFect of conflnement provided by cover concrete and

lateral reinforcement on bond splitting behavior have been reported by previous research, evaluation of this

conflnement have been conducted little The study of efFect of the conflnement is required to establish a

proper design method for bond splitting failure in beams and columns

For this purpose, sirnply supported beams、 vere tested in order to gather experirnental information on bond

and conflnement stress acting bar‐ to― conCrete interface An analytical study was carried out to e、 aluate the

conflnement stress The efFect of the conflnement stress on bond splitting behavior was discussed tり ltimate

bond stress was evaluated using the analytical results ofthe conflnement stress
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DEFINITIONS

The resistant mechanisms of bond bet、 veen a deformed bar and concrete, as already pointed out, are

characteHzed by difFerent stages(Gambarovaピ ′α′,1989a)i For smaH values ofbond stress,bond efFlciency
is assured by chenlical adhesion For larger bond stress values,the chemical adhesion breaks down,then lugs

ofthe bar induce large bearing stress in surrounding concrete ln this stage,bOnd force is mainly transferred

by the wedging action of the lugs The mechanism by wedging action was idealized as shown in Fig l

lntegration ofthe component ofbearing stress/b,par」 ld to the bar axis,gives bond force∠ ■Bond stress I

b is obtained as∠ r nOrmalized by(s・ 冗・rrb)

″〓「
工い時/COSOllab/21dけ方―  o

Ъ =zf7(s・π・rrb=二。(ヵ/s)                 (2)
、vhereby, 0=angle of bearing stress to the longitudinal axis of a bar,力 =lug depth,s=lug spacing,rrb=
nominal diameter ofbar

Splitlng force/is deined as the integra」on Of the compOnent of bearing stress/b,perpendcular whh

respect to spltting plane(Fig 2)Ifsphtlng stress o was deined as splitting force/normalized by(s・ rrb),

Eq(4)was giVen.

・ヵ・rr・・tano

Eqs(2)and(4)g市 e the relation of split」 ng stress with bOnd stress

Fig l Fi3 3 Conflnement Stress

The、vedging action produces radial tensile stress in surrOunding concrete and lateral reinforcement Figure 3

shows cOninement forces provided by tenJle stress in cOncrete and lateral reinforcement,c and Cν
,

respectively Following equations are obtained
|

C=or。 (3‐ /Vb・ 4)。 s

Cッ =olν・′ν・B° S
whereby,q=average tensile stress in concrete perpendicular to sphtting plane,B=beam width,Ⅳ b=
number Of bars in splitting plane,σ

,り =average tensile stress in lateral reinforcement,′
"=′ l`ν
・Иlノ (β・、ゞ,y),ノ V)ν

=the number oflateral reinforcement in one set,S,y=spacing oflateral reinforcehent

Equilibrium between splitting and cOnflnement fbrce gives a equation belo、 v
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τら=σν°COtO

Splining Force乙

Splitting Force 1/

Fi3 2 Splitting ForceVヽedging action
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/Vb・ /=C tt Gν                 (8)

If coninement stresses,σ
“
and σ
“
are deined as spltting forces normalized by(Nみ ・rf・・S),Eqs(9)and

(10)are Obtained

σ″=C/('Vル・r」b° S)=or・ BI
o.ッ =Cν /(′ Vみ°4・ 5)=σ″・ル

°(BJ+1)
whereby,B.=(3‐ ′V♭・rJb)/(Nら・rfb)

ち =ε J・ 1■・ИJ/(π orfb・ Lb)
whereby,Lb=bond length=24 cm

(9)

(10)

From Eqs(5),(8),(9)and(10),relajOnship between coninement stresses and bond stress is g市 en by

τb=(0“ 十σ。ッ)。 COtO=ococot0 (H)

As a result of splitting force,splitting cracks occurs in surrounding concrete Once splitting cracks break out

the whole cover and bar spadng,bar‐ to‐conCrete bond fails if no laterd rdnforcement pro宙 ded On ttt other

hand,a sufFlcient amount of lateral reinforcement,such as hoops and sub‐ ties,would assure bond e饉 ciency

in spite ofconcrete splitting,because ofconflnement action developed by the reinforcement

OUTLINE OF EXPERIPIENT AND TEST RESULTS

Five sirnply supported beams were tested to gather experirnental data about the efFect of conflnement stress

on bond behavior in longitudinal bar Sections ofspecirnens are shown in Fig 4 E)imensions and reinforcing

details of specimens are shown in Fig 5 The specimens■ ere designed to fail in bond splitting(whole

spllting mode)a10ng 10ngitudinal bars The vadables ofspecimens were the number and the diameter oftest

bars, the spacing of lateral reinforcement, and the use of sub¨ ties as shown in Table l Each specirnen had

four test zones The test zones contained top or bottom bar ln the right span,every teSt bar、 vas supported

by a hoop or a sub― tie, and in the len span intermediate bars were unsupported Concrete compressive and

tensile strength was sho、 vn in Table 2 The mechanical properties of reinforcing bars are shown in Table 3

Refer to previous paper(Maedaピ rα′,1991)fOr detJls

Each specimen was suttected tO monotone loading Bond stress τb was calculated from strain ε s measured
by a straln gauge

|

(12)

Uoし olded test

Zoll Zone

test し,71。 ldtC

Zone   2ontβf,32,33  βイ
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Fi3 5 Dimensions and Reinforcing Details of Specime,s

Fi3 4 Section of Specirnens
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Table l Test Variables

Specimen Longitu   Lateral

dinal   reinfOrcemcnt

Bar

Test Top tt  Leノ  ′″
Zone Bo慣 om Spacing(%)
Bl  1  4-I)19 2/120 019
2          4/120 037
1

つ

4-D19  2/60  037
4/60  075

1

2

4‐D19  2/120 056
4/120 1 12

l

2

3‐D19  2/60  037
3/60  056

2   4   6
σc,(Mpa)

Fig 6

Table 2 C9ncret9。 trength_
% メ
(MPa) (MPa)

Bl,B2,B3 311  232
B4,B5   334   246

芦ぷ器『お鶏:ι間翫
Table 3 PrOperties of
reinforcement

慶

(10'MPa

D19 19.1  287  360
D25 254  507  355

/‐l.ル′il′ ,ハ  

“Table 4 Test results(レ Pa)
Tcst   Maximum Strcss in hoops

Zone   BOnd Strcss  and sub‐ tles

τb“ c 動
“
: σ
",4c olt 18:

Bl‐Top1 275 256  155  155
31‐Top2 3 31 3 43  164  143
B2‐Top1 374  289  212   10o
B2‐Top2 488 499  184  177
B3‐Top1 4 27 3 16 215  183
B3‐Top2 588  624   187   211
B4‐Top1 5 07  4.62  282   271
B4‐Top2 5.59  545  212   220
B5‐Top1 4 85  3 10  316   274
B5‐Top2 476 502 245 271
場
“
ご:mヽ imum bond、 ucssin cOmcr bls
tb41:mぶ :mLln bOnd strcss:n lntcmcdlat bars
O,:・ j4ε :avcrage slress ln h(Ю Ps 41nd Sub.“ぃ whcn

hc com``bご『●achcd to thc mぶ lmu n bond stress

O"“ ::aver`sc strcs ln hoops and、 ub■ lcs when th●

internrdlatc baf rcachcd:othc mべ lmum bOnd sL・ css

ワ
輌B3

B4

B5 1

2

3‐D25   2/60  037
3/60  056

ρ″ =Lateral reinforcement ratio

Test results of top bars were sunlrnarized in Table 4. /ヽ Rer occurrence of initial splitting crack, bond slip

started to increase and bond stresses rose with gradual propagation of splitting cracks FinaHy, splitting

cracks broke ofFthe whole cover and at the same tirne bOnd stresses reached to their peak Tensile stress in

hoops Or sub‐ ties αv increased until τぅreached to its peak /ヽ Rer bond stresses τb started declining,σ ,ッ 、vere
conゞ am江 山dr peakたvd●bo崚 200W→ h洲

“

ゞZOne■

Relations between bond stress τι and conflnement stress σ.ッ WaS Sho、vn in Fi3 6 Although specirnen B2‐

Topl had the same quantity oflateral reinforcement ratiO,ρ tt as specimen B l‐ TOp2,maxirnum bond stresses

n驚 職 :∬l糧 :l翌箇 :攪出 品 獅 螺 1思 琺 f:;年ぶ fllttl:if‖繁 緊 盟 取
nearly zero until initial splitting crack Occurred and bond stress level was around τco τco indicates bond
strength in case no Lter」 rdnforcement pro宙 ded c」cuhted by F可 五‐Montゴ S formuh(1983)It is
important and interesting that aner occurrence of initial splitting crack the increase ofbond stress(τ 。

“
‐τca)

、vas proportional to the conflnement stress, o.ν  This result suggest bond stress is governed by the
coninement stress.Compa」 son of the increase of bond stress(Ъ

“
‐tc。 )With O_(coninement stress

when bond stress reached to the ma対 mum valuc)waS ShOWn in Fig 7 Coemcient α were,in an average,
0 444 and 0 683 forthe bars unsupported and supported by hoops or sub―ties,respectively

告:,昭縄ζ,
E.:young's modulus
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Analytical ⅣIethod

AndvticJ Modd

To evaluate the conflnement stresses actin3 0n splitting plane, a sirnple analytical model was introduced as

shown in Fi3 8 This analytical model consists of three components:(1)beam which represents cover

concrete:(2)steel COlumns connected to the beam with pin connection,which represent hoops and sub― ties:

(3)crack Springs which represent tensile force and crack openin3 0f COncrete in the splitting plane Splitting

force /、vas assumed to be acting at the center of each bar

Deinitions

Crack opening and forces are deined in Fig 8(c)CraCk Openings are summation of nexural deformadon of

the beam,り ,and crack opedn3 0fε ″Cルψ″″gθ ,δο,namely,

a=転 十δ″

/  :tl℃
lミ:θ

The force vector and nexural deformation vector are deflned as

{吟 ={/f,/2,Cr,C2,αyrl Qν 2}t
{δ )=(輔 ,り ,い ,り ,いノ,0″ }t

The constltutive equatlon ofthe beam ls

{/}=[κ ]{δ )

… ・
珂 獅

i

写「
ヒ

(13)

(14)

(15)
,

(16)

(17)

(18)

",シ
`CF鷹““

0,νοを7ing

ccil↓  ↑ ccI↓  ↑  ccち
G"′ /r  Cw2/2

rCノ Dぐガシルわ″●/fOrc● α″ど′っら′冽ピrあ4

Fi3 8 Analytiqal Ⅳlodel

Cr=α′(σβ/10)°
7

″′=O-015β′)(Cr/′ )
″C=βノ(0″′)
α′=004 ma・ mm)

β′=6

(はhum a8grcgac s麟
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Fig 9 Diagram ofcOncrete

at stress crack opening

δ″δ″2セ
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The constitutive equation of hoops and sub― ties is

C,=(ム・/″ /L″ )δ漱
whereby,Z,ッ =efFect市e length=■ /2

EquilibHum of forces is

(19)

Σz=Σ c″ +Σ G" (20)
1

AssumDtiOnS

Crack spring is assumed as a pin connection until its force cば reached to cracking force Once c″ reaches to

the cracking force,C鳥 ,Crack spring is assumed to elongate The relation of elongation with tensile force c″

was g市 en as shown in Fig.9 on the basis oftension sonening model of concrete(CEB,1991),namely,

for δ″≦り′   Q=C屁 -085C屁 (δ″/″′)
fOrリツ′くδ″≦″cc″ =015C馬 (〃c‐δ″)/(ツc‐ ″′)
forソc<δ″  c″ =0 (21)

whereby,C屁 =Cracking force=/P・ bd・ S,bご =width of concrete represented by a crack spAng

Spltting force ofthe comer bar,/r,was assumed to be equ」 to that ofthe intermediate bar,/2,namdy

Ef=ル・Ec・ 4 (23)

|

出:蹴品ご:鍵:l鯖lツ鶴顎i視穐緬le面
a momm=r43柁 4=Юp∞Кr“ニュ鳥=

VIPa)

Calculation was carried out by solving Eqs(18),(19),(20),(21)and(22),contr011ed by incremental crack

Openin3 0f the intermediate bar, δ2 1n the analysis, three cases were considered i Casg ノ: stinhess of the
beam was considered to be elastic(stifFness reduction factorル =l was assumed in Eq(23))(bsピ 2「
stifFness reduction factorル =1/2 was adopted in Eq(23)(the StifFness was assumed to be declined because

of crackin3)Casg 3;StifFness reduction factorル =1/4 was adOpted in Eq(23)

Analytical Results and Discussions

ContHbution of concrete and lateral reinforcement

Relationships between conflnement stress σr and crack openin3 0f the intermediate bar δc2 0f Specirnen B2‐
Topl was sho、 vn in Fi3 10. In Fig 10,the contribution of cOncrete to conflnement stress、 vas divided into

tWO COmpOnents Contribution ofεπ:`ル ψ ri″gθ (cOncrete in side cover)iS Obtained from Eq(9),namely,

/r=/2

Flexural stinhess Ofthe beam,Eム was aSSumed as

Ocr″ =Cυ /(Nル・rrb・ s)

Similany,the contdbution of ε
“
cル sp″″g f and 2(concrete between bars)is

(22)

(24)
|

σ
“
′+σ″=(ChttC″ )/(/Vb・ rrb os) (25)
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0.5

Crack openlng (inm)

Fi3 10 Crack opening― σ`relationships Fi3 11

The contribution of hoops and sub― ties σ
"can be obtained by Eq(8)From Fig 10,h is obseⅣ

ed that,in

any case, most part of the conflnement stress σr is provided by the concrete bet、 veen bars until splitting

cracks occur between bars(craCk Opening is nearly zero)/覆 ter crack occurring between bars,there is a

rapid drop of conflnement stress cc due to decline of σ
“
J+o.2 0n the other hand,the contribution of the

side cover concrete and lateral reinforcement increase,and most part ofthe coninement stress σcis provided

by σcrθ and σoν  StifFness reduction factor k afFects the crack opening when crack occurs in the side cover

concrete(whOle splhtin3)Rdationshp between coninement stress cc and average stress in hoops and sub‐

ties σ,ッ 、vas sho、 vn in Fig ll The stifFness reduction factor々 afFects ow when splitting crack run across the

、vhole cover As mentioned in test results above, bond stress reached its maxirnum value at the same tirne

crack completely cut across the 、vhole cover Considering σ"was about 200 NEPa at the maxirnum bond
stress,case3(1=1/4)is agreeable to the test results Thereforeル =1/4 was assumed in discussion below

Bond stress― Coninement Stress

Bond stress τb was predicted from the analytical results of conflnement stress σ.In calculation,two cases

were considered:Cα sι イ:The relation of Ъ with σc is deined by Eq(11)COefrlcient α,obtained from
experiment,was adopted as cotO in Eq(11)Cas`5:Experimental equation by Gambarova(1989b)was

used as the relation ofτ b with σc,namely,
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τb=το十(2/π)16・ Oc

το=0042‐ 0288(δ f/魂 )
ん =0258/(a/4+OH)_1018

(26)

(27)

(28)

Relationship between predicted bond stress τb and conflnement stress provided by hoops and sub― ties σ.v was

sho、vn in Fig 12. In any cases, the analytical bond stresses when splitting initial cracks occur are twice as

high as the experimental or rnore tter occurrence of cracks between bars,analytical results of case S agree

、vith test results ln case of without sub― ties,difFerence of analytical bond stresses between in the corner bars

and the intermediate bars、vere large in comparison with case of with sub― ties This tendency agrees、 vith test

results Analytical bond stresses、 vhen whole splitting are assumed as ultirnate bond stress τbε″′ COmparison

between τゎ。″r in case 5 and experimental maximum bond stress τb″ WaS Shown in Fig 13 The analytical

ultirnate bond stress τbεαr agree experirnental test results

種謁+%

Case3 kJ1/4

100   200   300
σw(MPa)

σ
".‐
σ
`relationships
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Fig 12 Bond stress‐ conflnement stress relationships

CONCLUSIONS

l)MaXimum bond stress ofintemediate bars unsupported by sub‐ ties was lower than that of corner bars

Bond splitting strength ofintennediate bars was improved by providing suppon with sub― ties and、vas as high

as that of ёorner bars.Bond stress was 30Verned by coninement stress oflateral reinforcement

2)From an analytical study,the concrete between bars does not contribute to the coninement at ultimate

state Analytically predicted ultimate bond stresses agree with test results.
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